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We report the noncovalent complexation of a biocompatible low substituted N-trimethyl chitosan
(TMC), a cationic chitosan derivative, onto the graphitic surface of single-walled carbon nanotubes
(SWCNTs). TMC was synthesized and characterized by 1H-NMR. A yield between the range of 34%
and 56% was obtained with a degree of substitution of 19.7%. SWCNTs dispersed in TMC resulted
in stable dispersions, which were further characterized by Atomic Force Microscopy (AFM) and
Raman Spectroscopy and -potential. AFM and Raman spectroscopy studies conﬁrmed that smaller
diameter SWCNTs are preferentially dispersed by TMC molecules resulting in stable dispersions. In
addition TMC coated CNT have a high -potential over a wide range of pH (2–12) exceeding values
from 35 mV (pH 2) up to 10 mV (pH 12) respectively. The presence of TMC induces electrostatic
repulsions which stabilize the CNTs against van der Waals attractions resulting in stable dispersions.
Such complexes may have potential applications in nanomedicine.
Keywords: Single Wall Carbon Nanotubes (SWCNTs), N-Trimethyl Chitosan, Raman
Spectroscopy, Atomic Force Microscopy (AFM), Nanotechnology.
1. INTRODUCTION
Carbon nanotubes are of signiﬁcant interest due to their
unique properties and applications,1 particularly in the
ﬁeld of nanomedicine.23 However, bundling and aggre-
gation of individuals nanotubes combined with poor
solubility in aqueous media are the main obstacles to
overcome before they can be further used for biomedical
applications.4 Since stable colloidal dispersions are a pre-
requisite before they can be further considered for drug
delivery purposes, much effort has been invested in devel-
oping approaches for reproducible dispersions of individ-
ual carbon nanotubes.5
In most cases, two general chemical approaches are
widely employed for modiﬁcation of the graphitic cylin-
ders. The sidewalls or the defect sites can be cova-
lently modiﬁed by various grafting reactions which give
rise to more soluble nanotubes. Alternatively, the non-
covalent adsorption or wrapping of various functional
molecules results in the formation of supramolecular com-
plexes and the fabrication of innovative systems.6 For
∗Author to whom correspondence should be addressed.
†These authors contributed equally
non-covalent adsorption/wrapping, a variety of molecules
including surfactants,7 polymers8 or phospholipids9 have
so far been used. Recently, the biocompatible poly-
mer, chitosan ((1→4)-2-amino-2-deoxy--d-glucan) was
used to increase the dispersability of multi-wall carbon
nanotubes.1011 Chitosan, a natural polysaccharide derived
by N -deacetylation of chitin, is considered as a biocom-
patible, biodegradable polymer and is widely used in the
food industry12 and as a novel drug delivery platform for
many routes of administration, e.g., nasal, oral, nasal, buc-
cal and parenteral.13
Here, we report the stabilization of single wall carbon
nanotubes (SWCNTs) with a chitosan derivative, namely,
N -trimethyl chitosan (TMC). This material has been used
successfully as a drug delivery system for oral delivery
of macromolecules.1415 In light of this, in the emerging
ﬁeld of nanotechnology and nanomedicine, dispersions
of carbon nanotubes stabilised with chitosan derivatives
could potentially be used as drug delivery systems in
gene delivery. For instance, chitosan/DNA complexes are
very popular vectors for gene16 or vaccine delivery.17
Recently, the interactions of plasmid DNA with functional-
ized carbon nanotubes have been studied for gene delivery
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purposes.1819 In the current work, the non-covalent stabi-
lization of the polymer onto the graphite walls has been
studied by Atomic Force Microscopy (AFM) and Raman
Spectroscopy.
2. MATERIALS AND METHODS
2.1. Materials
Low viscosity chitosan was obtained from Sigma-
Aldrich (United Kingdom). N -methyl-2-pyrrolidinone and
methyl iodide were obtained from Acros Organics (Geel,
Belgium). Sodium hydroxide pellets, sodium iodide,
sodium chloride, ethanol (96% w/v) and diethyl ether were
obtained from Fisher Scientiﬁc (Leicester, UK). HipCO
SWCNTs were obtained from Carbon Nanotechnology
Inc. (Houston, USA). All solutions were prepared by Mil-
lipore water (conductivity< 05 S cm−1).
2.2. Synthesis of N-Trimethyl-Chitosan (TMC)
Chitosan polymer was reductively methylated to form
TMC polymer with low degree of quarternisation using
a reaction adapted from that described previously.20 Chi-
tosan (2 g) and sodium iodide (4.8 g) were dissolved in N -
methyl-2-pyrrolidinone (80 mL) on a water bath at 60 C
with stirring. After the chitosan had dissolved, the solution
was kept stirring and sodium hydroxide (11 mL, 15% w/v)
and methyl iodide (11.5 mL) was added. The reaction was
left stirring for 1 h at 60 C in the presence of a Liebig
condenser. The polymer product was then collected by
precipitation with ethanol and ether and isolated by cen-
trifugation using a Jouan B4i centrifuge (Thermo Electron
Corporation, Waltham, USA). The product was washed
twice with ethanol and diethyl ether to yield N -trimethyl-
chitosan iodide with a low degree of quarternisation. Ion
exchange was undertaken by dissolving the product in
sodium chloride (40 mL, 10% w/v). The product was
again precipitated with ethanol and diethyl ether and iso-
lated by centrifugation to yield a white powder which was
subsequently dissolved in deionised water (40 mL) and
ﬁltered using a dialysis membrane to remove any resid-
ual sodium chloride. The solution was then freeze dried
using a Modulyo Freezedryer (Thermoelectron Corpora-
tion, Waltham, USA) to yield N -trimethyl chitosan chlo-
ride with a low degree of quarternisation (LDQ).
2.3. Characterization of TMC with Nuclear Magnetic
Resonance (NMR)
1H-NMR was used to characterise the synthesised TMC
polymer. The 1H-NMR spectrum was recorded in D2O
with a Bruker 600 MHz spectrometer (Bruker, Faellanden,
Switzerland) at 80 C. Minimum interference was
observed from the water peak at this temperature and sup-
pression of the water peak was not necessary. The degree
of quarternisation of TMC polymer from the 1H-NMR
spectra was calculated from Eq. (1),
DQ %	= 
TM/H	×1/9×100 (1)
where DQ (%) is the degree of quarternisation expressed
as a percentage, TM is the integral of the trimethyl amino
group peak, and H is the integral of the 1H peaks.
2.4. Preparation of Stable SWCNTs-TMC Dispersions
Stable dispersions of HiPco SWCNTs (Carbon Nanotech-
nologies Inc., Houston, TX, USA) were obtained by mix-
ing pristine material (0.1 mg/mL) and TMC (20 mL, 0.5%)
and the mixture was ultrasonicated at 42 KHz and 100 W
in an ultrasonic bath (Branson, Danbury, USA) for 2 h.
As a control, SWCNTs were dispersed in distilled water
(0.1 mg/mL) and subjected to sonication at identical con-
ditions as the sample.
2.5. Atomic Force Microscopy (AFM) Studies
The sample dispersion (10 L) was placed on freshly
cleaved muscovite mica (Agar Scientiﬁc, Stansted, Essex,
UK), mounted on a nickel disc (dia. 1 cm2) with
double-sided adhesive tape, and dried in a gentle stream
of N2. AFM studies were carried out using a Multi-
Mode/NanoScope IV Scanning Probe Microscope (Digi-
tal Instruments, Santa Barbara, CA, USA) in air under
ambient conditions (T = 23 C, RH = 21%) using the
J-scanner (max. xy = 200 m). Scanning was performed
in Tapping Mode using Si cantilevers with integrated tips
(t = 3.5–4.5 m, l = 115–135 m, w = 30–40 m, 0 =
200–400 kHz, k = 20–80 Nm−1, R < 10 nm; Model:
RTESP, Veeco Instruments, France) and an RMS ampli-
tude of 0.8 V. Images were subsequently processed using
NanoScope software (V 7.10, Digital Instruments, Santa
Barbara, CA, USA).
2.6. Raman Spectroscopy
Raman spectroscopy measurements were performed using
a light source of an Ar+ ion laser (Spectra Physics)
operating at 514.5 nm. A properly modulated metallurgi-
cal microscope (Olympus BHSM-BH2) was used for the
delivery of the excitation beam as well as for the collec-
tion of the scattered light. The light was focused by a
100× objective and the backscattered light was analyzed
by a Jobin Yvon T64000 Raman instrument operating at
double subtractive mode and detected by a CCD cooled at
140 K. The spectral resolution was set at 2 cm−1. Raman
spectra measurements were carried out on the following
samples: (a) raw material (SWCNTs, control), (b) non
centrifuged dispersion of functionalized TMC-SWCNTs,
and (c) the supernatant obtained after centrifugation of
TMC-SWCNTs at 5000 rpm for 5 min. The samples were
prepared by adding few drops of the samples on a glass
microscope slide and drying in air at 50 C.
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2.7. Zeta Potential Measurements
The electrophoretic mobility of the SWCNTs samples was
measured as a function of pH at 25 C using a Zetasizer
(Malvern Nanosizer ZS, Malvern Instruments, UK). The
-potential of the dispersions was calculated by the instru-
ment according to the Helmholtz-Smoluchowski equation
 = 4/D
where  is the electrophoretic mobility,  is the viscos-
ity and D is the dielectric constant of the medium in the
boundary layer.
The pH values of the dispersions were measured by a
combination electrode and adjusted with dropwise addition
(CH3)3
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H
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Fig. 1. (a) 1H-NMR spectrum of N -trimethyl-chitosan (TMC), (b) the chemical structure of TMC.
of 0.1 M NaOH or HCl solutions. An aliquot of the super-
natant was placed to the cuvette and measured immedi-
ately. Each measurement repeated at least three times and
the mean values were calculated. Three different samples
were used for these studies
3. RESULTS AND DISCUSSION
3.1. Characterisation of TMC
A yield between the range of 34% and 56% was obtained.
As described previously, the polymers synthesised were
characterised by 1H-NMR to determine the degree of
quarternisation.16 Equation (1) was used to determine the
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degree of quarternisation by identiﬁcation of the [(CH3)3]
and [H] peaks respectively. The degree of quarternisation
indicates the percentage of N -groups which are methylated
to quarternary ammonium groups. The structure and the
spectrum for TMC are illustrated in Figure 1. A clear rela-
tionship is demonstrated between the degree of quarterni-
sation and the height of the peak at ca. 3.4 ppm, such that
the height of the peak increases with the degree of quar-
ternisation, particularly with respect to the [(CH3)3] peak
seen at 3.2 ppm. The integrals for the [(CH3)3] and [H]
were 208.67 and 117.90, respectively. The degree of sub-
stitution was 19.7%. The values observed fall within the
range typically observed for a one step synthesis reported
previously.20
3.2. Stabilization of SWCNTs with TMC
Optical photographs of the TMC-treated and untreated car-
bon nanotubes samples are shown in Figure 2. It can be
seen that in the presence of the TMC, the nanotubes were
(a) (b) (c)
(d) (e) (f)
Fig. 2. Photographs of the CNTs dispersions. Upper panel: (a) TMC
modiﬁed single wall carbon nanotubes (SWCNTs) after 1 h of sonica-
tion, (b) TMC modiﬁed single wall carbon nanotubes (SWCNTs) after
48 h of sonication, and (c) TMC modiﬁed single wall carbon nano-
tubes (SWCNTs) after centrifugation at 5000 rpm for 5 min, respectively.
Lower panel: (d) pure SWCNTs in distilled water after 1 h of sonication,
(e) pure SWCNTs in distilled water after 48 h of sonication, and (f) pure
SWCNTs in distilled water after centrifugation at 5000 rpm for 5 min,
respectively.
homogeneously dispersed (Figs. 2(a–c)). In particular, the
TMC-treated dispersion was stable after standing for 48 h
(Fig. 2(b)) and showed an excellent stability even after
centrifugation for 5 min to 5000 rpm (Fig. 2(c)) suggesting
that the polymer acts as a surfactant inducing their solu-
bility and functionalizing the nanotubes non-covalently. In
contrast, in the absence of the polymer, SWCNTs start to
precipitate immediately after the ultrasonication (Fig. 2(d))
and increases on standing for 48 h (Fig. 2(e)); further pre-
cipitation occurs after centrifugation (Fig. 2(f)).
3.3. Raman Spectroscopy Studies
Raman spectra of the different samples tested are shown in
Figure 3. In the spectrum of the untreated SWCNT mate-
rial (Fig. 3(a)), several distinct low frequency radial breath
mode (RBM) peaks can be observed at ca. 188, 207, 249,
and 265 cm−1. Using Eq. (2), which correlates the diame-
ter and the RBM frequencies,21
RBM cm
−1	= 2235/dt nm		+125 (2)
the calculated tube diameters dt of the unmodiﬁed sample
range between 0.88 and 1.27 nm. The TMC-SWCNT non-
centrifuged sample (Fig. 2(b)) shows two RBM peaks at
ca. 249 and 265 cm−1 corresponding to 0.94 and 0.88 nm,
respectively. Finally, the supernatant (Fig. 3(c)) shows
three RBM peaks at 209, 249, and 265 cm−1, corre-
sponding to 1.13, 0.94, and 0.88 nm, respectively. It
is clear that in the TMC samples (both centrifuged
and non-centrifuged), the lower frequency RBM bands
(<220 cm−1) corresponding to larger diameter tubes are
substantially reduced in intensity relative to the higher
ones, compared with the control (raw material). The above
observations suggest an enrichment of small diameter
150 200 250 300 350 400 450
In
te
ns
ity
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.u.
)
Raman shift /cm–1
b
a
c
Fig. 3. Raman spectra in RBM region of: (a) raw SWCNT material,
(b) non-centrifuged TMC modiﬁed SWCNTs (0.1 mg/mL) in TMC solu-
tion (0.5% w/v), and (c) TMC modiﬁed SWCNTs (0.1 mg/mL) in TMC
solution (0.5% w/v) centrifuged for 5 min at 5000 rpm.
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tubes in both the non-centrifuged and the TMC-SWCNT
dispersion, in good agreement with a previous study.10
3.4. AFM Studies
AFM was used to cross-verify the previous measurements.
TMC coated SWCNTs showed variable diameters exhibit-
ing smoother areas and uneven surfaces (Fig. 4(a)). Diam-
eter measurements were obtained in multiple points in both
areas. The calculated height values (less susceptible to tip-
sample artefact errors that lateral diameter values) of the
tubes in smooth areas were 1.06 nm (Figs. 4(a and b), blue
line) and 1.70 nm (Figs. 4(a and b), red line), respectively,
and can be interpreted as individual SWCNTs. However,
the diameter (height) of uneven surfaces increased to
5.44 nm (Figs. 4(a and b), green line). This shift to higher
diameters could be attributed to domains of immobilized
TMC creating a surface layer rather than being due to
bundling. Moreover the length of the nanotubes was found
1340± 230 nm (n = 10). The AFM results are in good
agreement with the Raman spectroscopy data supporting
0
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Fig. 4. Tapping mode AFM images of SWCNTs (0.1 mg/mL) mixed
with TMC (0.5% w/v) imaged in air: (a) TMC-modiﬁed SWCNTs,
(b) height proﬁles of coated (green line) and uncoated domains (blue and
red lines).
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Fig. 5. -potential of raw SWCNTs material and non-centrifuged mod-
iﬁed SWCNTs (0.1 mg/mL) in TMC solution (0.5% w/v) as a function
of pH, in an aqueous solution containing 10 mM NaCl.
evidence for fractionation of smaller diameter nanotubes
in the presence of TMC.
The synergistic effect of ultrasonication and surfactant
absorption for the nanotubes isolation from a bundle has
been described recently.22 According to that ultrasonica-
tion creates spaces or gaps at the bundle ends, followed
by surfactant absorption and ﬁnally leading to individual
nanotubes. On the other hand the electrostatic interactions
between the polymer and the CNT surface will inﬂuence
the adsorption mechanism. However the results so far on
the effect of the head group charge are rather inconclu-
sive since no clear superiority between anionic or cationic
surfactants has been demonstrated.4
3.5. Zeta Potential Studies
Zeta potential studies of the graphitic material as a func-
tion of pH in the presence and absence of TMC are pre-
sented at Figure 5. Plain SWCNT’s are negatively charged,
which is consistent with the previously reported result.23
On the other hand TMC support a positive charge due to
its amino group. TMC coated CNT have a high -potential
over a wide range of pH (2–12) exceeding values from
35 mV (pH 2) up to 10 mV (pH 12) respectively. These
high values implicate that mainly the amino groups of
TMC enable the efﬁcient dispersion of the nanotubes in the
medium. In addition the presence of TMC induces elec-
trostatic repulsions which stabilize the CNTs against van
der Waals attractions.24
4. CONCLUSIONS
We have improved the dispersion of SWCNTs in water
by using a biocompatible polymer TMC. Our results
are in broad agreement with a previous study where
non-covalent solubilisation of SWCNTs was achieved
using non-modiﬁed chitosan.11 Smaller diameter carbon
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nanotubes dispersed and wrapped by chitosan in the aque-
ous supernatant in a similar manner like in the present
study. Chitosan has a major drawback: its solubility above
pH 6 is limited. At physiological pH, chitosan will lose
its capacity to enhance drug permeability and absorp-
tion, which can only be achieved in its protonated form
in acidic environments. In contrast, N -trimethyl chitosan
chloride (TMC), a quarternized chitosan derivative, shows
perfect solubility in water over a wide pH range. From
this point of view the potential use of TMC, in neutral and
basic environments where normal chitosan salts are inef-
fective certainly emphasize the superiority of this deriva-
tive since it can be manipulated much easier in aqueous
solution avoiding acids. In addition, the presence of TMC
improves the heterogeneity of the nanotubes leading to an
enrichment of small diameter material. Carbon nanotubes
can vary in length, diameter and electronic as vectors for
biomedical applications.
References and Notes
1. S. Iijima, Helical microtubules of graphitic carbon. Nature 354, 56
(1991).
2. A. Bianco, K. Kostarelos, and M. Prato, Applications of carbon
nanotubes in drug delivery. Curr. Opin. Chem. Biol. 9, 674 (2005).
3. L. Lacerda, A. Bianco, K. Kostarelos, and M. Prato, Carbon nano-
tubes as nanomedicines: From toxicology to pharmacology. Adv.
Drug Deliv. Rev. 58, 1460 (2006).
4. L. Vaisman, H. D. Wagner, and G. Marom, The role of surfactants
in dispersion of carbon nanotubes. Adv. Coll. Int. Sci. 128–130, 37
(2006).
5. Y. P. Sun, K. Fu, Y. Lin, and W. Huang, Functionalized carbon nano-
tubes: Properties and applications. Acc. Chem. Res. 35, 1096 (2002).
6. D. Tasis, N. Tagmatarchis, A. Bianco, and M. Prato, Chemistry of
carbon nanotubes. Chem. Rev. 106, 1105 (2006).
7. L. Jiang, L. Gao, and J. Sun, Production of aqueous colloidal dis-
persions of carbon nanotubes. J. Coll. Int. Sci. 260, 89 (2003).
8. G. Mountrichas, N. Tagmatarchis, and S. Pispas, Synthesis and solu-
tion behavior of carbon nanotubes decorated with amphiphilic block
polyelectrolytes. J. Phys. Chem. B. 111, 8369 (2007).
9. Y. Wu, J. S. Hudson, Q. Lu, J. M. Moore, A. S. Mount, A. M. Rao,
E. Alexov, and P. C. Ke, Coating single-walled carbon nanotubes
with phospholipids. J. Phys. Chem. B 110, 2475 (2006).
10. H. Yang, S. C. Wang, P. Mercier, and P. L. Akins, Diameter-selective
dispersion of single-walled carbon nanotubes using a water-soluble
biocompatible polymer. Chem. Commun. 13, 1425 (2006).
11. G. Ke, W. Guan, C. Tang, W. Guan, D. Zeng, and F. Deng, Cova-
lent functionalization of multiwalled carbon nanotubes with a low
molecular weight chitosan. Biomacromolecules 8, 322 (2007).
12. F. Shahidi and R. Abouzaytoun, Chitin, chitosan, and co-products:
Chemistry, production, applications, and health effects. Adv. Food
Nutr. Res. 49, 93 (2005).
13. M. N. Kumar, R. A. Muzzarelli, C. Muzzarelli, H. Sashiwa, and A. J.
Domb, Chitosan chemistry and pharmaceutical perspectives. Chem.
Rev. 104, 6017 (2004).
14. S. M. van der Merwe, J. C. Verhoef, J. H. Verheijden, A. F. Kotze,
and H. E. Junginger, N -trimethyl chitosan chloride as absorption
enhancer in oral peptide drug delivery. Development and charac-
terization of minitablet and granule formulations. Eur. J. Pharm.
Biopharm. 57, 85 (2004).
15. S. M. van der Merwe, J. C. Verhoef, A. F. Kotze, and H. E.
Junginger, Trimethylated chitosan as polymeric absorption enhancer
for improved peroral delivery of peptide drugs. Eur. J. Pharm. Bio-
pharm. 58, 225 (2004).
16. J. M. Dang and K. W. Leong, Natural polymers for gene delivery
and tissue engineering. Adv. Drug Deliv. Syst. 58, 487 (2006).
17. S. S. Davis, The use of soluble polymers and polymer microparticles
to provide improved vaccine responses after parenteral and mucosal
delivery. Vaccine. Suppl. 2, 7 (2006).
18. R. Singh, D. Pantarotto, D. McCarthy, O. Chaloin, J. Hoebeke, C. D.
Partidos, J. P. Briand, M. Prato, A. Bianco, and K. Kostarelos, Func-
tionalized carbon nanotubes for plasmid DNA gene delivery. Angew.
Chem. Int. Ed. Engl. 43, 5242 (2004).
19. D. Pantarotto, R. Singh, D. McCarthy, M. Erhardt, J. P. Briand,
M. Prato, K. Kostarelos, and A. Bianco, Binding and condensation
of plasmid DNA onto functionalized carbon nanotubes: Toward the
construction of nanotube-based gene delivery vectors. J. Am. Chem.
Soc. 127, 4388 (2005).
20. A. B. Sieval, M. Thanou, A. F. Kotzé, J. C. Verhoef, J. Brussee, and
H. E. Junginger, Preparation and NMR-characterization of highly
substituted N -trimethyl chitosan chloride. Carbohydr. Polym. 36, 157
(1998).
21. S. M. Bachilo, M. S. Strano, C. Kittrell, R. H. Hauge, R. E. Smalley,
and R. B. Weisman, Structure-assigned optical spectra of single-
walled carbon nanotubes. Science 298, 2361 (2002).
22. M. S. Strano, V. C. Moore, M. K. Miller, M. J. Allen, E. H. Haroz,
C. Kittrell, R. H. Hauge, and R. E. Smalley, The role of surfactant
adsorption during ultrasonication in the dispersion of single-walled
carbon nanotubes. J. Nanosci. Nanotech. 3, 81 (2003).
23. M. Sano, J. Okamura, and S. Shinkai, Colloidal nature of single-
walled carbon nanotubes in electrolyte solution: The Schulze-Hardy
rule. Langmuir 17, 7172 (2001).
24. B. Vigolo, A. Pénicaud, C. Coulon, C. Sauder, R. Pailler, C. Journet,
P. Bernier, and P. Poulin, Macroscopic ﬁbers and ribbons of oriented
carbon nanotubes. Science 290, 331 (2000).
Received: 8 September 2007. Revised/Accepted: 18 October 2007.
6 J. Biomed. Nanotechnol. 4, 1–6, 2008
